he conductance catheter enables the continuous and real-time measurement of left ventricular (LV) volume in laboratory animals and in humans. 1-4 The LV pressure -volume (P-V) loops are obtained with the conductance catheter and used to derive the LV mechanical parameters. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] The parallel conductance volume (Vc), which is the correcting volume for the conductance of the surrounding tissues, is the most important factor for accurate measurement of the LV volume with the conductance catheter. Practically, Vc is measured beforehand by the hypertonic saline calibration technique, and then subtracted from the LV volume measured by conductance catheter. [1] [2] [3] [4] The assumption underlying this technique is that Vc is constant throughout the measurement, but this is not the case because the right ventricular (RV) volume varies cyclically, which would in turn cause cyclic variation of the Vc. We hypothesized that the LV mechanical parameters derived from diastolic phase variables were especially influenced by the cyclic variation of the Vc because the RV volume is greatest during the diastolic phase.
Influence of Cyclic Variation of Right Ventricular Volume on Left Ventricular Mechanical Parameters Measured With Conductance Catheter
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The conductance catheter is widely used for the continuous measurement of the left ventricular (LV) pressurevolume loops. Cyclical change of the right ventricular (RV) volume may alter the parallel conductance volume, thereby affecting the LV mechanical parameters. Using 8 open-chest adult mongrel dogs, multiple LV pressurevolume loops were obtained by 2 methods: first with a vena cava occlusion (VCO) method, which involved RV volume alteration, and second with a right-heart-bypass (RHB) preparation, which decompressed the right ventricle completely. The slope of the end-systolic pressure -volume relation (Ees), the end-systolic volume associated with the end-systolic pressure of 100 mmHg (V100,es), stiffness constant (ß), and the end-diastolic volume associated with the end-diastolic pressure of 9 mmHg (V9,ed) were calculated from each loop. There was minimal influence from RV volume alteration on systolic-phase indices [Ees (VCO method, 6.37±1.91 mmHg/ml; RHB preparation, 6.60±1.66 mmHg/ml; p=0.356), and V100,es (VCO method, 18.4±9.3 ml; RHB preparation, 17.8±9.0
Japanese Circulation Journal Vol.65, August 2001 ation. A continuous infusion of fentanyl (15 g/kg per h), midazolam (150 g/kg per h) and pancuronium bromide (150 g/kg per h) was used to maintain anesthesia. After performing a median sternotomy, the pericardium was incised and the heart suspended in a pericardial cradle. The ascending aorta, the main pulmonary artery and both vena cavae were isolated and the azygous vein was ligated. The right carotid artery was isolated and an arterial cannula was inserted after systemic heparinaization (500 U/kg iv). One venous cannula each was inserted into the superior and inferior vena cavae. A heart -lung machine consisting of a centrifugal pump and a membrane oxygenator was primed with the blood of donor dogs. After instituting normothermic cardiopulmonary bypass (37°C), an autonomic blockade was induced with the intravenous administration of hexamethonium bromide (10-15 mg/kg) and atropine sulfate (0.1 mg/kg). A purse-string suture was placed at the RV outflow tract, and through that suture another arterial cannula was inserted into the main pulmonary artery, and the RHB preparation was then established, as previously described. [15] [16] [17] The tapes around the superior and inferior vena cavae were snared to direct the systemic venous blood return into a reservoir from which the blood was then pumped back to the main pulmonary artery. Pulmonary valvular regurgitation was prevented by snaring the tape around the main pulmonary artery. A venous cannula was placed in the right ventricle through the right atrium to drain the entire coronary venous return and to completely decompress the right ventricle.
To measure the LV volume, a purse-string suture was placed at the LV apex, and a 7Fr 12-electrode conductance catheter (Sentron BV, Roden, The Netherlands) was inserted into the left ventricle through the apex and the tip of the catheter positioned just above the aortic valve. The catheter was attached to a signal generator/processor (CD Leycom Sigma 5 DF, CardioDynamics, Zoetermeer, The Netherlands). A catheter-tip micromanometer (model MPC-500, Millar Instruments, Houston, TX, USA) was inserted into the left ventricle to measure the LV pressure, and then the P-V loops were measured. A 14Fr ultrasonic flow probe connected to a flowmeter (model T208, Transonic Systems, Inc, New York, NY, USA) was positioned around the ascending aorta for the measurement of aortic flow.
Data Analysis
The multiple LV P-V loops were obtained by the 2 methods; first by the VCO method, which involved RV volume alteration, and second by the RHB preparation, which decompressed the right ventricle completely. To reduce the preload of the left ventricle in the VCO method, the tape around the inferior vena cava was snared with the respirator off at end-expirations, whereas the bypass flow was reduced during the RHB preparation. The volume signal of the conductance catheter was calibrated by the aortic flow. In both the VCO method and RHB preparation, Vc was calculated 5 times by transiently altering the blood conductivity by the injection of hypertonic saline (5 ml of 10% NaCl), [1] [2] [3] [4] and the median value for each method was used for the Vc calibration.
The heart rate was fixed at 150 beats/min by atrial pacing with an external pacemaker during the assessment period. All signals (electrocardiogram, pressures, flows and volume) were continuously monitored on a multichannel oscillograph (Polygraph 360 system, NEC Sanei, Tokyo, Japan), digitized on-line at 200 Hz with an analog-to-digital converter (MacLab System, AD Instruments, Ltd, Dunedin North, New Zealand) and then were recorded on a personal computer (Macintosh Quadra 700, Apple computer, Inc, Cupertino, CA, USA). The digitized data were analyzed by computer algorithms using a C-language-type program developed in our laboratory with an Intel celeron based personal computer (ThinkPad 240, IBM Japan, Tokyo, Japan).
The end-systolic P-V (Pes-Ves) relation, 18 the stroke work -end-diastolic volume (SW-Ved) relation 19 and the maximum dP/dt-Ved (dP/dtmax-Ved) relation 20, 21 were derived from LV P-V loops obtained by both the VCO method and RHB preparation. The Pes-Ves relation was fit by linear regression to obtain a slope (Ees) and the volume intercept (V0,es), and Ves associated with Pes of 100 mmHg (V100,es) was then calculated. SW, calculated as the area inside the P-V loop, was plotted against Ved to obtain the slope (MSW) and the volume intercept (V0,SW) of the SW-Ved relation. The end-diastolic point was defined as the point of the rapid upstroke of the first derivative of the LV pressure (dP/dt). The position of the SW-Ved relation in the operating range was calculated by determining Ved associated with SW of 1,200 mmHg·ml (V1200,SW). In the same way, the slope of (dE/dtmax) and the volume intercept (V0,dP/dt) of the dP/dtmax-Ved relation were obtained, and the Ved associated with dP/dtmax of 1,800 mmHg/s (V1800,dP/dt) was calculated.
The end-diastolic P-V (Ped-Ved) relation 22 was also derived from LV P-V loops obtained by both techniques. The Ped-Ved relation was determined by fitting the enddiastolic P-V points to an exponential relation:
where k is the Ped intercept at Ved = 0 ml, and ß is a unitless modulus of stiffness constant. The position of the Ped-Ved relation in the operating range was calculated by determining the Ved associated with Ped of 9 mmHg: V9,ed = (1/ß)loge(9/k).
Statistical Analysis
The results are presented as mean ± standard deviation. Two-tailed paired t-test was used to analyze the differences. A p value less than 0.05 was considered to be statistically significant. (Table 1) Representative LV P-V loops derived from transient preload reduction in the VCO method and the RHB preparation are shown in Fig 1. Little difference was observed in the lines of the Pes-Ves relation obtained with each technique, but the Ped-Ved relation obtained with the VCO method shifted to the right compared with that obtained with the RHB preparation. There was little influence on the systolicphase indices [Ees (VCO method, 6.37±1.91 mmHg/ml; RHB preparation, 6.60±1.66 mmHg/ml; p=0.3556) and V100,es (VCO method, 18.4±9.3 ml; RHB preparation, 17.8± 9.0 ml; p=0.6808)], but there was a significant influence on the diastolic-phase indices [ß (VCO method, 0.0599± 0.0152; RHB preparation, 0.0839±0.0150; p=0.0070) and V9,ed (VCO method, 35.6±11.3 ml; RHB preparation, 31.9± 12.3 ml; p=0.0009)].
Results

Comparison of the Pes-Ves and Ped-Ved Relations Between the VCO Method and the RHB Preparation
Comparison of the Pes-Ves, SW-Ved and dP/dtmax-Ved Relations Between the VCO Method and the RHB Preparation (Tables 1 and 2)
There was minimal influence from RV volume alteration on either the Pes-Ves or the SW-Ved relations [MSW (VCO method, 73.0±16.4 mmHg; RHB preparation, 68.9±12.5 mmHg; p=0.5972) and V1200,SW (VCO method, 32.4±8.1 ml; RHB preparation, 31.7±10.8 ml; p=0.7601)]. In contrast, there was a significant influence on the dP/dtmax-Ved relation [dE/dtmax (VCO method, 53.6±15.3 mmHg/(s·ml); RHB preparation, 67.4±17.2 mmHg/(s·ml); p=0.0015) and V1800,dP/dt (VCO method, 37.3±11.6 ml; RHB preparation, 32.4±11.5 ml; p=0.0428)].
Discussion
The present study demonstrated that there was minimal influence from RV volume alteration on the systolic-phase indices of LV function, but that there was a significant influence was on the diastolic-phase indices when the conductance catheter was used for LV volume measurement. The influence of the cyclical variation in RV volume on the LV Pes-Ves and SW-Ved relations was not significant, but was statistically significant for the LV dP/dtmax-Ved and Ped-Ved relations. To the best of our knowledge, this is the first study using an in-vivo model to demonstrate quantitatively the influence of the cyclical variation in RV volume on the LV mechanical parameters derived with the conductance catheter.
The most important advantage of the conductance catheter method is the continuous and real-time measurement of the absolute LV volume without contrast mediums or isotopes. Although the conductance catheter has been widely used, it has a number of technical limitations. In particular, the exact calibration of the volume signal obtained by the conductance catheter is difficult and complicated. The measurement of the absolute ventricular volume depends on accurate methods for obtaining Vc, and the slope coefficient, , that relates the conductance catheter value to the true volume. The constant is calibrated with the stroke volume measured by an aortic flow probe connected to a flowmeter, sonomicrometer or cineventriculograph. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Vc is the correcting volume for the conductance of the surrounding tissues, which is in general calculated by transiently altering the blood conductivity by injecting hypertonic saline. [1] [2] [3] [4] Changes in the RV volume change would vary the Vc because the right ventricle is the nearest surrounding tissue to the left ventricle.
The VCO method is commonly used with the conduc- tance catheter to obtain multiple P-V loops. 4, 5, [7] [8] [9] 12, 13 The difference in the RV volume during the systolic and diastolic phases may affect the volume signal of the conductance catheter in the left ventricle. Burkhoff et al have reported that a 30-ml increment in the RV volume changed the LV volume estimation by 3 ml in an isolated canine heart preparation. 2 Although they used the servopump system, which accurately measures LV volume, the RV volume was kept constant at either 0 or 30 ml in their assessment. Amirhamzeh et al reported that the changes in the RV volume (0, 20, 40, and 60 ml) altered the LV conductance by as much as 10% in anesthetized pigs. 23 However, in both these studies the influence of the cyclical variation in RV volume on the LV volume measurement was not determined because the RV volume was kept constant. Lankford et al reported that the presence of the right ventricle and the other cardiac chambers had little effect on the Vc in closed-and open-chest dogs. 6 They used multiple estimations of Vc to assess its variability during systole and found that the variation in Vc was maximal at the end-diastolic point although the variations were not statistically significant at any point. Their finding is in accordance with our present result that the cyclical variation of the RV volume significantly influenced the LV diastolicphase indices. On the other hand, Boltwood et al reported that the Vc depended on the LV size and that LV volume measurement by conductance catheter was unrealistic, 24 Their result may have been caused by the cyclic variations of the RV volume because in in-vivo hearts the RV volume increases as the LV volume increases. Our results from the RHB preparation indicated that the variation of Vc in the Boltwood study was most likely caused by the RV cavity, which caused the increase in Vc during the diastolic phase. In the present study, there were little influence from the RV volume alteration on the systolic-phase indices, Ees and V100,es, but there was a significant influence on those of the diastolic-phase (ie, ß and V9,ed). The minimal influence was on the Pes-Ves and SW-Ved relations, but the dP/dtmax-Ved relation was significant influenced. We speculate that the influence on Ees was slight because Ees is calculated from variables during the end-systolic phase when the RV volume is small. The influence on dE/dtmax was large because the calculation of dE/dtmax uses the end-diastolic volume when the RV volume is large. The influence on MSW is diminished because the volume values are canceled. The value of MSW is independent of the volume calibration, . Although the accuracy of the LV volume measured by the conductance catheter has been reported, almost studies examined the Pes-Ves and SW-Ved relations, not the dP/dtmax-Ved relation. 3, 5, 8, [11] [12] [13] The present study indicates that the LV P-V loops obtained by the VCO method, which is the commonly used technique, are relatively accurate for the systolic phase but are inaccurate during the diastolic phase.
In conclusion, the increase in the RV volume during the diastolic phase increased the Vc, causing an overestimation of the LV diastolic volume measured by the conductance catheter. Careful consideration must be given to the LV mechanical parameters derived from the diastolic phase variables of the P-V loops obtained with the conductance catheter in the VCO method.
